Purpose The use of eco-friendly and cost-effective adsorbent materials in the remediation of soils contaminated by potentially toxic elements (PTE) is a sustainable way of reducing the transfer of these elements into the food chain. However, an evaluation of the potential of natural zeolites to immobilize toxic elements in contaminated soils was required to enable their efficient use. Materials and methods The effect of natural zeolite (Stilbite-Stellerite) from the Munella area (Northern Albania), added at rates ranging from 1.25 to 10 % w/w on a contaminated soil was investigated in a greenhouse pot experiment with ryegrass (Lolium multiflorum L.) and by selective extractions. PTE availability for plants was assessed either as their accumulation in plant tissue or by DTPA-extraction. Oral bio-accessibility was estimated by the in vitro PBET method and the mobility and consequent potential risk of leaching by the USEPA TLCP method. The effect of zeolites on soil properties (pH, electrical conductivity-EC, organic C, and total N) was also investigated. A five steps sequential extraction procedure (SEP) was applied to investigate the immobilization mechanism. Results and discussion The addition of 2.5% w/w of natural zeolites caused a significant decrease of PTE mobility, but to observe a significant reduction of DTPA-extractable metals, it was necessary to reach 10% addition rate. In contrast, plant growth showed a gradual increase with addition rate and a corresponding decrease of concentration of PTE in plant tissue. Correlation between DTPA-extractable PTE and their concentration in both root and shoot plant tissue was rather poor. Human hazard due to soil ingestion (PBET method) changed only for Cu and Zn in the gastric phase with 1.25 and 5% addition rate respectively, whereas decreased for Cu and Zn at 5% rate in the Intestinal phase. The results of SEP support the hypothesis that the main mechanism involved in metals fixation are as follows: (1) insolubilization by pH rise, (2) adsorption on Fe/Mn oxides (3) increase of cation exchange retention, (4) organic complexation. Conclusions The results of this work suggest that the addition of natural zeolites from the Munella area (AL) is a sustainable practice to reduce the environmental impact of PTE contaminated soils, but an assessment on the longevity of their immobilization need to be evaluated in the long-term perspectives.
Introduction
The use of soils contaminated with heavy metals for agricultural purposes poses a great threat to human health, as metals can be transferred and accumulated in the human body through the whole food chain (Singh 2010) . Some studies in Albania have identified high levels of heavy metals in soils near industrial sites, in agricultural soils where agrochemicals and polluted irrigation water have been intensively applied, and in soils naturally contaminated with these metals (Gjoka et al. 2002 (Gjoka et al. , 2007 (Gjoka et al. , 2011a ; Kasa et al. 2014 ). However, industrial hotspots pose the highest ecological risk due to the higher pollution level and the frequent accumulation of more than one pollutant. Their number in the country accounts to 14 Responsible editor: Claudio Bini Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11368-019-02359-7) contains supplementary material, which is available to authorized users. hot spots, with an estimated area of approximately 225 ha (IPHA 2012) . The population living on and around these contaminated lands is threatened by soil, water, and air pollution. Remediation of these sites is an immediate necessity. According to Bardos and Vik (2001) , remediation and reclamation of contaminated sites is considered a sustainable activity because it helps to conserve land as a resource, prevents the spread of pollution to air and water, and reduces the pressure for development on these sites.
In the soil remediation context, trace elements cannot be decomposed like organic contaminants but only be relocated from one place, e.g., contaminated site, to another, e.g., landfill. The high cost of traditional soil remediation techniques (excavation and landfilling or soil washing) and the usually limited resources allocated to remediate contaminated sites prompted the development of alternative techniques that are more cost-effective and less disruptive to the environment such as soil stabilization or immobilization (Kumpiene et al. 2008; Friesl-Hanl et al. 2009; Nejad et al. 2017) . Contaminant immobilizing amendments decrease trace element mobility and bioavailability by inducing various sorption processes: adsorption to mineral surfaces, formation of stable complexes with organic ligands, surface precipitation, and ion exchange.
In situ immobilization techniques, using abundant, rather inexpensive, natural, and/or industrial by-products, may offer an effective alternative to conventional methods to improve soil quality (Adriano et al. 2004; Madrid et al. 2006; Kumpiene et al. 2008) . Immobilization is defined as a process which puts the toxic metal into a chemical form which will be inert to biological systems and highly insoluble under conditions that will normally exist in soil (Porter et al. 2004) . A wide range of soil amendments has been tested, either in situ or ex situ, to ameliorate contaminated soils, such as lime (Chlopecka and Adriano 1996) , phosphate (Berti and Cunningham 1997) , beringite and birnessite (Mench et al. 2000) , red mud (Silvetti et al. 2014; Hua et al. 2017) , and zeolites (Simon 2001; Tica et al. 2011) .
Zeolites are crystalline aluminum-silicate minerals, with group I or II elements as counter ions. They are generally formed in nature when water of high pH and high salt content interact with volcanic ash causing a rapid crystallization. Their structure is made up of a framework of [SiO 4 ] 4− and [AlO 4 ] 5− tetrahedra linked to each other at the corners by sharing their oxygens. The substitution of Si(IV) by Al(III) in the tetrahedra accounts for a negative charge of the structure which may give rise to a high cation exchange capacity (CEC) (up to 5 cmol + g −1 ) when the open spaces allow the access of cations (Breck 1984) . Zeolites may be found in natural deposits, generally associated with the alkaline activation of glassy volcanic rocks, or synthesized from a wide variety of high Si and Al starting materials (e.g., coal fly ash).
Since the remediation based on fixation/immobilization do not remove the metals, their efficiency has to be evaluated in terms of solubility (or leachability) and bioavailability. This last concept can be concretized using either chemical methods or directly by biota (e.g., plants or animals). Moreover, the risk of polluted soils to human health can be evaluated as metal Bbioaccessibility^or the quantity of metal that can be absorbed by humans throughout main intake ways: skin contact, ingestion, or inhalation.
Although the use of synthetic zeolites has been widely studied and generally showed a consistent capacity to immobilize potentially toxic elements (Terzano et al. 2005; Querol et al. 2006; Li et al. 2009 ), experiments with natural zeolites are lacking and showed variable results. Mahabadi et al. (2007) found a strong reduction of Cd leaching from artificially Cd spiked soils after addition of natural zeolite. On contrary, other studies concerning the addition of natural zeolites to soils showed little or no effects on metals availability (Mineyev et al. 1990; Chlopecka and Adriano 1996; Baydina 1996; Yi et al. 2017) . Reasons for inconsistent results with natural zeolites are not completely clarified, but Mondale et al. (1995) ; found that there is a wide variation in the cation exchange capacity of natural zeolites because the differing nature cage structures, structural defects, adsorbed ions, and associated gangue minerals.
Comparing six artificial to one natural zeolite Oste et al. (2002) found that unless the synthetic zeolite A appeared to have the highest binding capacity, it caused a fivefold increase in dissolved organic matter (DOM) as consequence of pH increase and Ca-binding, that resulted in higher metal leaching, but strong soil alkalinization is unlikely with natural zeolites.
This study aimed to assess the ability of natural Albanian zeolites to reduce mobility, plant uptake, and oral bioaccessibility of Cd, Cu, Ni, and Zn in an industrially contaminated soil. We hypothesized that the addition of these natural zeolites would immobilize potentially toxic elements, attenuating the environmental risk of the contaminated soil.
Materials and methods

Soil and zeolites
The contaminated soil (Rhodic Cambisol soil, FAO, 2006) was collected from the surface horizon (0-25 cm) of a contaminated area near a former copper smelter in Rubik, northern Albania (41°37′ 2.984″ N, 20°0′ 41.748″ E). The soil properties were described in detail by Gjoka et al. (2007) . One large composite sample was taken for both the experiment and its chemical analysis. The collected soil sample was air-dried and sieved through a 2 mm sieve to remove gravels.
The zeolite material was collected from the Munella area, northern Albania. According to SiO 2 content, it is classified as andesite-rhyodacite, a basalt enriched in Si and poor in Ti. In a previous study, this zeolite has been tested for its effect on the chemical-physical properties of a sandy soil (Beqiraj et al. 2008; Gjoka et al. 2011b ). The zeolitic material was air-dried, ground, and sieved through a 100 mesh sieve. Main physical and chemical properties of the soil and zeolite are given in Table 1 .
Experimental design
The prepared soil and zeolite material were carefully mixed and placed in 1.5 L pots in different proportions: 0, 1.25, 2.5, 5, and 10% w/w zeolite on dry weight basis. The treated soils were pre-incubated at about 70% of water-holding capacity (WHC) for 3 weeks, and pots then planted with ryegrass (Lolium multiflorium, L., var. Italicum). A basal dose of mineral fertilizer, equivalent to 138 kg N, 100 kg P 2 O 5 , and 100 kg K 2 O per hectare, was applied before planting to both control and zeolite amended pots. The pots were placed in a greenhouse, where the temperature was maintained at about 25°C for 12 weeks, and were watered periodically with distilled water to maintain soil moisture at around 70% of WHC. The experiment was laid out in a randomized block design with four replicates for each treatment.
Plant analyses
Plants were harvested 52 and 82 days (d) after sowing to study plant growth and PTE uptake. Fifty-two days after sowing, plants were cut at about 1 cm above soil surface to collect the aerial part, whereas at the end of experiment (82 d), plants were completely harvested. Plant roots were separated from the soil and thoroughly washed with distilled water. The plant shoots and roots were oven dried (60°C) to a constant weight and weighted and ground for chemical analyses.
The content of nutrients and PTE in the plant tissue was determined by microwave-assisted acid digestion method. Concentrated HNO 3 (9 mL) and H 2 O 2 (1 mL) (USEPA 1995a) were added to 0.5 g of plant tissue and processed in a microwave digester (CEM Mars Xpress Matthews, NC, USA) at a temperature of 180°C. After cooling, digested samples were filtered through a polytetrafluoroethylene (PTFE) filter of 0.2 μm size, centrifuged and diluted with double distilled H 2 O, and stored at − 20°C for analyses.
The concentration of elements in digested shoot and roots was determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES). A Varian Vista MPX instrument equipped with a cross-flow nebulizator and an autosampler was used. The calibration was performed using standard solutions (1 to 20 μg mL −1 ) prepared with the appropriate solution from an ICP-standard 23 elements solution in 5% nitric acid (Merck solution IV). The method detection limit (MDL) was calculated for each element as 3 s/m (where s is the standard deviation of 10 replicate blanks and m is the slope of the calibration curve).
A trace metal control reference material (NIST SRM® 1573 tomato leaves) was used to assess precision and accuracy of methodology and instruments.
Soil analyses
Particle size analyses were determined by the pipette method. Soil pH was measured in water by a glass electrode (1:2.5 w/v soil to 0.01 M CaCl 2 solution ratio), saturated paste extraction was used to determine electrical conductivity (EC), and organic C and total N were determined by an automated flash combustion elemental analyzer (microCube, Elementar). Pseudototal metal concentration in the soil was determined by ICP-AES after microwave-assisted digestion (USEPA 1995a).
The potential leaching of metals into the groundwater system was assessed according to the toxicity characteristic leaching procedure (TCLP), measured according to USEPA method (1995b). The procedure involves shaking 1 g of soil in 20 ml of 0.0992 M acetic acid and 0.0643 M NaOH extraction solution (1:20 ratio) with a pH of 4.93 ± 0.05 for 18 h on a rotary shaker at about 300 rpm. Extracts were filtered (0.2 μm), acidified with HNO 3 and stored at + 4°C until ICP-AES determination.
The amount of PTE that were orally bioaccessible to humans has been assessed with the physiologically based extraction test (PBET) performed according to the method proposed by Ruby et al. (1996) . Briefly, 50 mL of preheated gastric solution (1.25 g pepsin, 0.545 g citric acid, 0.5 g malic acid, 420 μL lactic acid, and 500 μL acetic acid, pH = 2) were added to 0.5 g of soil (granulometric fraction below 250 μm) in conical flasks. Soil was sieved to 250 μm on the basis that finest particles are more likely to be ingested by children either because they adhere more readily to the hands and by air movement (Sheppard et al. 1995; Rodriguez et al. 1999) . Then N 2 was flushed before capping to remove oxygen, and the flasks were shaken for 1 h at constant temperature (37°C) in a water bath. Centrifugation (5 min at 4000 rpm) was applied to separate the soil suspension, and an aliquot of 10 mL soil extract was sampled, filtered (0.2 μm) and stored at − 20°C until metal analysis (gastric phase). The volume of gastric solution removed was restored with 10 mL fresh gastric solution, and then a precisely weighed amount of CaHCO 3 , calculated during preliminary tests, was added to raise the pH up to 6.5-7. Then 0.0875 g of bile extract and 0.025 g of pancreatin were added to each conical flask. Air was removed as previously described, the flasks capped and shacked again for 1 h at constant temperature (37°C). Soil suspensions were finally centrifuged (5 min at 4000 rpm) and 10 mL aliquots filtered (0.2 μm) and stored at − 20°C until metal analysis (intestinal phase).
Extractions of plant bioavailable metals were carried out by the DTPA/TEA method developed by Lindsay and Norvell (1978) . Briefly, 10 mL of DTPA 0.01 M and triethanolamine (TEA) solution (pH = 7.3) were added on 5 g of soil, and the soil suspension was shaken for 2 h. After centrifugation (4000 rpm for 10 min) surnatant was removed, filtered (0.2 μm), and stored at − 20°C until element analyses. A certified soil (BCR-CRM 600) was also extracted to ensure quality control of analyses.
The five steps sequential extraction procedure (SEP), as proposed by Tessier et al. (1979) and modified by Luo and Christie (1998) , was applied on air-dried soils collected after cultivation (d 82). The chemical fractionation method used 2 g of soil and 16 mL of extracting solutions. After each extraction step, samples were centrifuged at 4000 rpm for 20 min, the supernatant decanted and sediment washed with distilled water, centrifuged again, and the solid residue was added with the subsequent extracting solution. The first fraction, operationally defined as BExchangeable^, but including also the metals in solution, was extracted with 1 M Mg(NO 3 ) 2 pH 7; the second fraction defined as bound to BCarbonates^was extracted by adding to the residue 1 M CH 3 COONa pH 5.5; the third fraction, defined as bound to BFe and Mn oxides^was extracted with 0.04 M NH 2 OH.HCl mixed with 25% (v/v) CH 3 COOH from the residue obtained during the second extraction. The residue was further treated with 0.02 M HNO 3 and 30% H 2 O 2 , and adjusted to pH 2. The fourth fraction, defined as BOrganic^was extracted by 3.2 M CH 3 COONH 4 in 20% (v/v) HNO 3 . Finally, the BResidual^fraction was extracted with concentrated HNO 3 with microwave heating at 175°C (USEPA 3052 1995a). Blanks were measured in parallel for each set of analyses using the extraction reagents described above. The final fractional recovery of each PTE was calculated by comparing the cumulative amount of metals extracted in all five fractions with its respective pseudo-total concentration assessed by the microwaveassisted HNO 3 digestion. As an internal check on the In italics are data exceeding threshold values procedure, the total amount of metals extracted in the five fractions was compared with that obtained by HNO 3 microwave extraction (USEPA 3052 1995a) of a separate soil sample. Results were accepted when difference was below 10%. Concentration of PTE in soil extracts was analyzed by ICP-AES as described in 2.3.
Transfer factors
To study the translocation of PTE from soil to the plant roots and from soil to plant shoots, three transfer factors (TF) were calculated as proposed by Jesulic and Lestan (2015) . Briefly, transfer factor from soil to roots (T RS ) was calculated as ratio between concentration of PTE in roots and in soil; transfer factor from roots to shoots (T GR ) was calculated as ratio between concentration of PTE in roots and in shoots; transfer factor from soil to shoots (T GS ) was calculated as ratio between concentration of PTE in shoots and in soil.
Statistical treatment of data
Measurements and analyses on plants were replicated four times, whereas those on soils were replicated three times. All measurements were based on oven-dried soil, or plant tissue, and reported in tables as mean ± standard error of the mean (SE). The non-parametric Tukey's multiple comparison test was performed to examine the significance of difference between treatments. Difference between treatments were considered significant at P < 0.05 and identified in figures with different letters. Data were statistically analyzed by R software (R Core Team 2013).
3 Results and discussion
Plant growth and PTE accumulation
The addition of zeolite material increased significantly the biomass of plant tissue, either after the first or the second cutting period (day (d) 52 and 82 respectively). In the first cutting, differences were significant only with 10% w/w addition rate (Fig. 1a ). Dry weight of both roots and shoots of the second cutting (d 82) were significantly higher in soil treated with 1.25% w/w of zeolite material than control soil, and gradually increased with the increase of added zeolite, reaching their highest value at 10% addition rate (Fig. 1b) . The increase in plant growth due to the addition of zeolites can be attributed to either alleviation of metals toxicity stress and to an improvement of plant nutrition, as already observed by Shkurta et al. (2017) . The slight pH increase of soil (Table 2) cannot be considered to have played a major direct effect on plant growth, whereas it is well known that zeolites may improve soil fertility by supplying macro-and micronutrients and by increasing cation exchange capacity of soils (Ming and Allen 2001) . The concentration of N and P in both roots and shoots tissue increased significantly with the addition of zeolites, but on the contrary, a slightly decrease of K, Ca, Mg, Fe, and Mn was observed (Electronic Supplementary Material, Table S1 ). Zeolites reduced the bio-availability of cationic nutrients but increased N and P that are present prevalently as oxyanions.
The zeolites addition caused a significant decrease of PTE concentration in plant tissue in comparison to non-amended control soil following the order: Ni > Cu > Cd > Zn. This decrease in the first cutting was best expressed with 5% zeolite addition rate (Supplementary material Fig. A1 ). At the end of the experiment (harvesting), the metals content in roots decreased with 10% zeolite addition rate by 17, 21, 7, and 42% for Cd, Cu, Ni, and Zn respectively ( Fig. 2a and Electronic Supplementary Material, Fig. S2 ), but differences up to the 5% addition rate were not statistically significant. The zeolite at the 10% addition rate was especially effective in reducing metals contents in plant shoots. The Cd, Cu, Ni, and Zn contents in shoots decreased by 37, 45, 93, and 56% as compared with non-amended soil, respectively ( Fig. 2b and Electronic Supplementary Material, Fig. S3 ). In particular, the content of Cd and Ni in ryegrass were within the normal range of heavy metal contents in plants (Cd 0.5-30; Ni 20-100 mg kg −1 ), but Cu and Zn were above the normal range (Cu 2-5, Zn 0.02-50 mg kg −1 ) according to the FAO/WHO guidelines (FAO/WHO 1976).
Plant transfer factors
The addition of zeolites caused a general trend of reduction, often statistically significant, of all three transfer factors (TF) ( Table 3) . This was consistent for most of PTE examined, but the amplitude of changes was different according to the specific element and the rate of zeolite addition.
Cadmium showed a high concentration factor in roots (TF RS ) and a remarkable translocation roots to shoot (TF GR ) rather close to unity and in agreement to what is observed by Jelusic and Lestan (2015) . The high mobility of Cd enables plant uptake by roots, the load of the metal to the xylem, and the translocation to aboveground tissues (Clemens et al. 2002) . The consequent transfer soil to shoots (TF GS ) was 0.72 in the control soil and decreased gradually with the increase of rate of zeolite addition. Similarly to zeolite, many amendments (Liu et al. 2017 ) and organic substances (Song and Greenway 2004) were reported to decrease Cd availability in contaminated soils.
Lolium accumulated high concentrations of Cu in their roots, with a TF RS even higher than Cd, but the translocation from roots to shoot (TF GR ) was strongly restricted and only partially influenced by the rate of zeolite addition.
The TF from soil to roots of Ni was rather low and not influenced by the zeolite addition. On the opposite, the translocation from roots to shoot (TF GR ) was strongly influenced by the zeolite addition, and deceased gradually from 0.53 in control soil to 0.04 in soil receiving 10% w/w of zeolite.
Copper and Ni are less uptaken by plants, nevertheless Lolium multiflorum has been reported to tolerate high concentrations of PTE in mine soils with a high capacity to phytoextract them (Mugica-Alvarez et al. 2015) . On the other hand, translocation factors of both Cu and Ni could be large (Page and Feller 2005; Wang et al. 2015) , explaining the influence of the zeolite addition mainly on Ni TF GR .
In the case of Zn, both transfer factors of soil to root and root to shoot were remarkably high in the control soil, while TF RS decreased significantly with the increase of zeolite addition rate. Changes in the TF GR were inconsistent from up to 5% zeolite addition rate and become significant only at 10% zeolite addition rate.
Soil properties
The soils were analyzed after the harvest of the crop at the end of cultivation (d 82) and reported in Table 2 . Only three randomly chosen replicates were analyzed for the four pots of cultivation.
The addition of natural zeolites increased soil pH proportionally to the amount added, from 6.16 of the original control soil up to 6.51 for the highest rate of zeolite addition (i.e., 10% w/w). Differences were significant for addition rates of 2.50% or higher (Table 2 ). Electrical conductivity also increased slightly due to zeolite addition, unless differences between treatments were not statistically significant. Therefore, the salinization risk of soils treated with Munella natural zeolites can be considered negligible, even at high addition rates.
Organic C and total N increased for the addition rates of 5 and 10%, probably as a consequence of the higher plant growth in these treatments, and consequent higher rhizodeposition. On the opposite, the concentration of total Cd, Cu, Ni, and Zn decreased slightly but constantly with the addition of zeolites (Table 2) certainly due to a Bdilution effect^, since the content of these metals in the zeolite material was much lower than in the soil (Table 1) .
The plant bio-availability of soil PTE in this study was assessed in terms of their extractability with buffered DTPA (Lindsay and Norvell 1978) . The concentration of DTPAextractable metals in zeolite amended soils in comparison to the unamended control are showed in Fig. 3 a and b . The addition of zeolite caused a reduction in the DTPAextractable metals with increasing addition rates, but changes, with the exception of Cu, were not gradual and became statistically significant only with the highest addition rate (i.e., 10% w/w). In contrast, Cu showed a gradual decrease in DTPA extractability that became significant from 2.5% addition rate (Fig. 3b ). Copper DTPA-extractability was very high in comparison to other metals, probably due to its strong affinity to DTPA or because of its prevalence in the organic fraction (see SEP results below). The highest zeolite addition rate (i.e., 10% w/w) showed a decrease of 20.1% for Cd, 23.4% for Cu, 29.2% for Ni, and 26% for Zn. Although, DTPA aims to assess plant bioavailability, in our experiment the correlation between DTPA-extractable PTE and their concentration in both root and shoot plant tissue was rather poor.
The mobility of PTE is a potential threat for groundwater contamination. We assessed PTE mobility after plant harvesting as the concentration of PTE in TCLP soil extracts (Fig. 4a, b) . The reduction of TCLP-extractable metals was already significant with 1.25% zeolite addition rate for all metals considered: 39.3, 20.7, 24.3, and 25.4% for Cd, Cu, Ni, and Zn respectively. Higher zeolite application rates did not further decrease metal leachability from soil, with the exception of Cu, that showed the least concentration with an addition rate of 2.5%.
Ingestion of soil as dust particles is another important form of exposure to soil contaminants, especially for children (Davis and Mirick 2006) . The changes of human hazard following the addition of zeolites to the polluted soil was evaluated by the in vitro PBET method. In the gastric phase, the addition of zeolites caused, with the exception of Ni, a gradual decrease of bioaccessibility (Fig. S4 , Electronic Supplementary Material), but it was effective for Cd with the 1.25% addition rate and for Zn with the 5% addition rate ( Table 4 ). Bioaccessibility of Cu also decreased gradually, but it was not statistically significant event at the highest addition rate. In contrast, in the intestinal phase, only Cu and Zn showed a significant decrease of 14 and 23% for Cu and of 26 and 23% for Zn with 5 and 10% zeolite addition rate respectively (Table 4) . Therefore, from the point of protection of metals intake by human being the zeolite treatment was less effective than the reduction observed for plant uptake. We may rise the hypothesis that the retention mechanism of zeolites is more suitable to reduce plant absorption of PTE than to contrast solubilization at the strongly acid condition of the gastric juices. Moreover, zeolites are generally less stable in acid conditions (Ming and Boettinger 2001) , and this may also explain their low efficacy toward soil ingestion. These findings suggest that the use of zeolites for immobilization of soil PTE in urban, or residential areas need to be deeply evaluated in the long-term perspective in each singular situation.
Metals speciation may serve to elucidate the PTE immobilization mechanisms. Sequential extractions procedures (SEP), unless for their many limits and drawbacks, are widely used methods (Gleyzes et al. 2002) . The five steps SEP applied in this study showed that Cd in the control soil was mainly present in the residual fraction (~42%), then in the oxides (~30%), and in the organic (~20%) fractions (Fig. 5a) . The exchangeable and carbonates represented collectively less than 8% of the total soil Cd. The amendment with zeolites caused a significant decrease of the exchangeable fraction, especially with 5 and 10% addition rate, and minor changes in the other fractions.
Most of Cu in the control soil was present in the residual (4 4%) and organic (~41%) fractions, then in the oxides (1 5%) and very little in the exchangeable and carbonate fractions (< 1% cumulatively). The amendment with zeolites caused a significant decrease of the exchangeable (up to 0.17%), a slight decrease in the residual (to 40%) and oxides (to 12.6%) fractions with a corresponding increase in the organic fraction (from 40.7 to 46.7%), whereas the carbonate fraction did not change appreciably (Fig. 5b) .
Nickel (Ni) in the control soil was mostly present in the residual fraction (76%), then in the oxides (~15%) and organic (7.6%) fractions, whereas exchangeable and carbonates fractions represented less than 1% cumulatively. The addition of zeolites did not change its partition with the exception of the decrement of exchangeable fraction that decreased from 0.14 to 0.07% (Fig. 5c ).
Most of Zn in control soil resulted in the oxide fraction, then in descending order in the residual, organic, carbonates, and finally exchangeable fractions (47, 30, 21, 1.7, and 0.9% respectively) (Fig. 5d ). Zeolite addition caused a significant Three mechanisms have been identified by Shi et al. (2009) to explain the reduction of metals solubility in soils due to the addition of natural zeolites: (1) supplying alkalinity and consequent pH rise, (2) promotion of sorption by surface complexation, (3) increase of cation exchange retention. All these mechanisms are compatible with our results, in particular, those from SEP. The PTE immobilization observed in this work after addition of natural zeolites is the result of the simultaneous occurrence of all these mechanisms, but at least for Cd, it is unlikely that a tiny increase in pH could have strongly contributed to the reduction in plant uptake (Oste et al. 2002) . In our experiment, we may add another mechanism that was particularly important for the immobilization of Cu: (4) organic complexation. The increase in SOC from rhizodeposition (Table 2) , as due to increased plant growth is responsible for the increased organic fraction of metals, Cd and Cu in particular (Fig. 5b) hence to reduce the soluble fractions. Mahabadi et al. (2007) raised the hypothesis that another major factor may affect the ability of zeolites to stabilize soil PTE: (5) reduction of hydraulic conductivity and pore size of soils. Unfortunately, our experimental setup cannot support 
Conclusions
The results of the experiment indicated that the addition of natural zeolites reduced significantly the mobility, bioavailability, and bioaccessibility of PTE in comparison to nonamended contaminated soils, but at different addition rates. While TCLP-extractable metals reduced significantly with 2.5% zeolite addition, to observe a significant reduction of DTPA-extractable metals, it was necessary to reach 10% w/ w addition rate. The leachability of metals decreased in the order: Cu > Cd > Ni > Zn, while the decrease of plant accumulation in shoots followed almost a reverse order: Ni > Zn > Cu > Cd. The efficiency of the zeolite treatment toward the protection of direct metals intake by a human being was less effective than the reduction observed for mobility and plant uptake, probably due to the immobilization mechanism.
It is possible to conclude that the natural Albanian zeolites from the Munella region can be used as a soil amendment for reducing PTE availability and uptake by plants, their mobility to groundwater and their bioaccessibility for direct soil ingestion. The stability of added zeolites in soils is still a matter of concern. The assessment of longevity of zeolites will require a long-term evaluation and site-specific tests. Zeolite type, particle size, climatic conditions, and in particular soil pH will play a major role in zeolites persistence in soil and consequently on the persistence of PTE immobilization.
